Depressive mood in youth has been associated with distinct sleep dimensions, such as timing, duration and quality. To identify discrete sleep phenotypes, we applied person-centred analysis (latent class mixture models) based on self-reported sleep patterns and quality, and examined associations between phenotypes and mood in high-school seniors. Students (n = 1451; mean age = 18.4 AE 0.3 years; 648 M) completed a survey near the end of high-school. Indicators used for classification included school night bed-and rise-times, differences between nonschool night and school night bed-and rise-times, sleep-onset latency, number of awakenings, naps, and sleep quality and disturbance. Mood was measured using the total score on the Center for Epidemiologic Studies-Depression Scale. One-way ANOVA tested differences between phenotype for mood. Fit indexes were split between 3-, 4-and 5-phenotype solutions. For all solutions, between phenotype differences were shown for all indicators: bedtime showed the largest difference; thus, classes were labelled from earliest to latest bedtime as 'A' (n = 751), 'B' (n = 428) and 'C' (n = 272) in the 3-class solution. Class B showed the lowest sleep disturbances and remained stable, whereas classes C and A each split in the 4-and 5-class solutions, respectively. Associations with mood were consistent, albeit small, with class B showing the lowest scores. Person-centred analysis identified sleep phenotypes that differed in mood, such that those with the fewest depressive symptoms had moderate sleep timing, shorter sleep-onset latencies and fewer arousals. Sleep characteristics in these groups may add to our understanding of how sleep and depressed mood associate in teens.
IN TROD UCTI ON
The functional correlates of inadequate sleep in adolescence have received growing attention in recent years (for reviews, see Owens, 2014; Shochat et al., 2014) . Poor and insufficient sleep has been associated with mental (Blank et al., 2015; Coulombe et al., 2011; Fredriksen et al., 2004; Johnson et al., 2006; Roberts and Duong, 2014; Short et al., 2013; Sivertsen et al., 2014; Tzischinsky and Shochat, 2011) , physical (Blank et al., 2015; Roberts et al., 2009) , behavioural (McKnight-Eily et al., 2011; Umlauf et al., 2011) and academic Dewald et al., 2010; Mak et al., 2012; Short et al., 2013; Wolfson and Carskadon, 1998) impairments. Depressed mood is an important outcome that has also often been linked with inadequate sleep. Previous studies have reported independent associations with various features of adolescent sleep, such as short sleep duration (Fredriksen et al., 2004; Ojio et al., 2016; Roberts and Duong, 2014; Roberts et al., 2009) , late sleep timing (D ıaz-Morales et al., 2015; Tzischinsky and Shochat, 2011) , sleep problems, sleep disturbances and insomnia (Coulombe et al., 2011; Johnson et al., 2006; Kaneita et al., 2009; Short et al., 2013; Sivertsen et al., 2014) .
While it is informative to examine distinct features of sleep (e.g. duration, timing, quality) in relation to depressive mood (Short et al., 2013) , in an ecological context these features are not independent. For example, early school start times require adolescents to maintain early sleep schedules, which often conflict with their developmental tendency towards later bedtimes Hagenauer et al., 2009; Short et al., 2013) , resulting in shorter sleep duration during the school week and delayed sleep timing and longer sleep duration on non-school nights Short et al., 2013; Yang et al., 2005) . Moreover, an evening 'night owl' tendency and irregular weekly sleep schedules have been associated with poor sleep quality (Giannotti et al., 2002; Short et al., 2013; Tzischinsky and Shochat, 2011) . Accounting for this interrelatedness among sleep features by articulating distinct sleep phenotypes in an ecological setting may provide additional insight into the relation between depressed mood and sleep. For example, do early versus late sleep schedules associate with distinct features of sleep, for example, sleep-onset latency, number of awakenings, delayed sleep timing on non-school nights or daytime naps; and, if so, do these distinct phenotypes associate with variations in depressed mood?
Person-centred analytic approaches, such as latent class, latent profile or mixture models (Berlin et al., 2014) , are attractive approaches because they utilize the relationships among features to classify participants into groups, with each group showing similar patterns. Using sleep measures derived by self-report from a large cohort of high-school seniors, we applied a person-centred analysis to classify individuals based on their self-reported habitual sleep patterns and perceived sleep quality. Our aims were to identify distinct sleep patterns and to explore their associations with depressed mood. Despite the exploratory, datadriven nature of the study, based on the extant literature, we hypothesized that features indicating later sleep timing, disturbed sleep patterns and poorer sleep quality would comprise a distinct sleep phenotype that would be associated with depressed mood.
MATERI ALS AND METHODS

Participants
One-thousand, four-hundred and fifty-one high-school seniors who accepted admission to Brown University in 2010-2014 (mean age = 18.4 AE 0.3 years; 648 M) participated in the study with no exclusion criteria.
Procedure
Participants completed a paper and pencil survey that was sent to their home address by mail near the end of highschool. The survey included demographic information, the Sleep Habits Survey (SHS; Wolfson and Carskadon, 1998) , the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) and the Center for Epidemiologic Studies-Depression Scale (CES-D; Radloff, 1977) . The study was approved by the Rhode-Island Hospital/Lifespan Institutional Review Board for the Protection of Human Subjects. After reading information about the study, participants provided informed consent by checking a box at the beginning of the survey. The mailings included $5 in years 2010-2013 and $2 in 2014; participants were asked to complete the survey and return it in a prepaid envelope. The average response rate was 31%.
Materials
The SHS ) asks participants to report bedtimes, rise-times and other sleep-related behaviours for school nights and non-school nights over the previous 2 weeks. It includes the Bradley Sleepiness Scale (BSS; Carskadon et al., 1991) , a 17-item, three-point scale (0-2) summed to obtain a total score for the assessment of subjective sleepiness in different daily situations (e.g. during a test, doing homework), with higher scores indicating increased sleepiness; and the Horne € Ostberg Questionnaire (H € OQ; Horne and € Ostberg, 1976) , a 19-item scale with 14 items ranging from 1 to 4, and five items ranging from 1 to 5, summed to assess morning-evening preference (e.g. preferred time of day for performing mental or physical activity), with higher scores indicating a morning preference. Internal consistency (Chronbach's alpha) for the present sample was 0.77 and 0.80 for the BSS and the H € OQ, respectively. The PSQI (Buysse et al., 1989 ) is a short, retrospective self-rated questionnaire that measures subjective sleep quality over the past month, and has been validated for use in college students (Lund et al., 2010) . It is composed of 19 items assessing seven domains of sleep difficulty (e.g. sleep duration, sleep efficiency). Each domain is converted to a weighted score ranging from 0 to 3, and the sum of these scores represents global sleep quality, with higher scores indicating lower sleep quality. In the present study, only two of the seven domains were used (see 'Statistical analysis' below). The CES-D (Radloff, 1977 ) is a commonly used 20-item depression screener, validated for use in adolescents (Roberts et al., 1990) . Symptoms of depression are rated for their frequency on a four-point scale, from 'rarely or none of the time' to 'most or all of the time'. Items are summed to obtain a total score, with higher scores indicating a higher frequency of symptoms. A cutoff of ≥ 16 is an indicator of clinically elevated depression (Roberts et al., 1990) . Internal consistency in the present sample was 0.88.
Statistical analysis
A person-centred approach, i.e. mixture modelling, was used to group individuals who reported similar sleep patterns (Berlin et al., 2014) . The mixture model included four continuous and five categorical indicators. Continuous indicators derived from the SHS included reported school night bedtime (BT) and rise-time (RT), as well as the difference between non-school night and school night BT (dBT) and RT (dRT) (computed by subtracting school night from non-school night BT and RT, so that positive values indicated later, and ª 2017 European Sleep Research Society negative values indicated earlier BT and RT on non-school nights, respectively). Time in bed (TIB) was not included in the model because it is defined by variables already in the model (BT and RT). Three more indicators from the SHS included reported minutes to fall asleep (sleep onset latency, SOL), number of arousals (NOA) on school nights, and number of naps (NAPS) per school week. All three of these items were highly skewed toward zero, and were converted from continuous to ordered categorical indicators each with three categories (SOL: </= 15 min, 16-30 min, > 30 min; NOA: 0, 1-2, > 2; NAPS: 0, 1-2, > 2). The final two indicators were perceived sleep quality (PSQ) and sleep disturbances (SD) based on PSQI categorical subscales 1 and 5, respectively. Due to low endorsement of the higher scores (2 and 3), these were collapsed on both PSQI subscales resulting in a range of three scores (0-2) for each scale.
Mixture models were fit using Mplus version 7.2 (Muth en and Muth en, 2012) using a maximum likelihood estimator with robust standard errors, with 500 initial-stage random starts and 10 final-stage optimizations (Hipp and Bauer, 2006) . The number of classes was determined through an iterative process (Berlin et al., 2014) . Ten models were fit where the number of classes increased from 1 to 10. Model fit was compared among the 10 models using the negative log likelihood (lower values indicating better fit), Consistent Akaike's Information Criteria (CAIC; nadir indicates best fit), Bayesian Information Criteria (BIC; nadir indicates best fit), and Vuong-Lo-Mendel-Rubin likelihood ratio test [VLMR-LRT; significant P-value indicates significant improvement in fit (k versus k À 1)]. Class differentiation was evaluated using a measure of relative entropy, with 0 indicating no differentiation and 1 indicating perfect differentiation. Typically, entropy should be greater than 0.8 in order to reliably apply a classification model to other samples in future research (Muth en and Muth en, 2012).
Classes were labelled and characterized according to visual inspection of profiles across the indicators. For the visual inspection, indicators were placed on a comparable metric by z-scoring the estimated means for each class. For ordered categorical indicators, probit thresholds were mapped onto a standard normal distribution so that each of the ordered-categorical indicators could be represented by single values as opposed to multiple thresholds.
To evaluate classification solution(s), classes were compared across all of the sleep indicators used as part of the mixture model, as well as across sleep-related measures not entered in the mixture model (i.e. BSS, HÖQ, and school night and non-school night TIB). Class differences were also compared for depression scores. For continuous variables, the comparisons were tested using one-way analyses of variance (ANOVA), and eta-squared was used to estimate effect size (~0.01 small,~0.06 medium,~0.14 large; Cohen, 1988) . For categorical variables, chi-square tests of independence were used, and Cram er's V was used to estimate effect size (~0.1 small,~0.3 medium,~0.5 large; Cohen, 1988) .
RESULTS
Fit indexes were split among three solutions (Table 1) . The BIC suggested a 5-class solution, the CAIC a 4-class solution, and the VLMR-LRT suggested a 3-class solution. Entropy was also similar across the three solutions. Thus, all three classification solutions were evaluated and plotted (Fig. 1a) . Because the 3-class solution was the most parsimonious, and the associations with mood scores were similar across solutions, we have chosen to present results for this solution. Results for the 4-class and 5-class solutions are included as an appendix. The 3-class solution showed differences on all of the sleep indicators entered into the mixture model and all but one of the variables not entered into the model (TIB on non-school nights; Table 2 ). Effect sizes indicated that the largest difference among classes was for reported BT. Classes were labelled from earliest to latest BT as 'A' (n = 751), 'B' (n = 428) and 'C' (n = 272). There was a main effect for age (F 2,1444 = 6.08, P = 0.002). The mean age in class C (18.46 AE 0.43 years) was significantly higher than in classes B (18.38 AE 0.29 years) and A (18.39 AE 0.33 years). There were no sex differences across classes.
There was a significant but relatively small association between class membership and depressed mood scores (Table 2) . Class B showed the lowest and class C showed the highest CES-D score (Fig. 1b) .
DI SCUSSION
Person-centred analysis from our large sample of over 1400 college-bound high-school seniors suggested three classification solutions, each representing possible sleep 'phenotypes' characterized by profiles of reported sleep timing and disturbance. In all three of the solutions we evaluated, three relatively stable profiles emerged, with class B demonstrating the highest stability. Class B was characterized by moderate sleep timing and low sleep disturbance indexes, and included nearly 30% of the study sample. The other two classes (A and C) were characterized by different constellations of early or late (i.e., BT averages near 23:00 hours or near 01:00 hours, respectively) sleep timing and indexes of elevated sleep disturbance. Class A was the largest group, and included about 50% of the sample.
Classification solutions were evaluated using additional sleep-related variables not included in the models, i.e. daytime sleepiness, phase preference and TIB. These associations supported class B as a moderate sleep profile, demonstrating intermediate phase preference and weekday TIB and lowest sleepiness levels. Class C stood out as the least 'moderate', with a clear evening preference, shortest reported TIB and highest sleepiness levels. Beyond being the most consistent group, class B showed the lowest depressive mood symptomatology across classification models.
High-school students in class A reported the earliest BTs (near 23:00 hours on average), possibly indicating an attempt to increase their weekday sleep quotas and adhere to early sleep schedules during the school week due to early school start times. This strategy, however, is not without cost. Discrepancy between intrinsic sleep timing and environmentally imposed sleep practices in adolescence has been described as a conflict between psychosocial requirements and bioregulatory mechanisms favouring delayed sleep patterns; insufficient sleep arises due to inappropriately timed forced arousals in adherence with early school start times (Carskadon et al., , 2004 . In the present study, this discrepancy assumed a different form: the data indicate that early BT and long TIB were associated with increased sleep disruption. Similar findings were reported in a cross-ethnic comparison study of sleep patterns in Israeli teens, where sleep in Arab adolescents was characterized by earlier BT and longer SOL compared with their Jewish counterparts (Shochat, 2013) . Our findings here suggest that advanced BT may coincide with a circadian phase that is not permissive of sleep, also known as the 'forbidden zone' for sleep (Lavie, 1986) . We surmise that for adolescents with late intrinsic sleep timing, early BTs that adhere to cultural or societal norms are detrimental to sleep onset and continuity.
Furthermore, a tendency favouring increasingly later BTs in the course of adolescent development is well established Hagenauer et al., 2009; Short et al., 2013) and, indeed, elements of the sleep profile in class C, including late BT, inadequate sleep quotas and irregular sleep patterns, have previously been observed in adolescent population-based studies (Hysing et al., 2013; Yang et al., 2005) . Findings from our person-centred approach, however, show that late sleep timing (near 01:00 hours) is not habitual for most high-school seniors in this mostly North American sample, suggesting that despite their delayed tendency, a sizable proportion of students opt for BTs near 23:00 hours on average. Taken together, our findings suggest that both later and earlier sleep patterns are associated with disturbed and irregular sleep patterns.
These findings show that sleep profiles differed in association with depressive mood symptoms, with higher depressed mood scores for classes A and C compared with class B, suggesting that the sleep features in class B comprise a constellation that may be protective not only for sleep disturbance but also for depressed mood. It is important to note that mean scores in all classes did not reach the CES-D clinical cutoff of 16 (Radloff, 1977) . Nevertheless, scrutinizing the distributions of the individual scores shows that approximately 15, 25 and 33% exceeded the cutoff in classes B, A and C, respectively.
As person-centred approaches have not been used in the study of sleep and depression, we struggle to draw comparisons with studies that typically correlate depression with single dimensions of sleep (e.g. sleep length or quality). For example, in an adolescent population-based study from Norway, later BT and shorter TIB were associated with depression (Sivertsen et al., 2014) . These linear relationships stand in contrast to our findings that represent a U-shaped relationship, whereby classes characterized by both earlier and later BT and both shorter and longer TIB were associated with elevated levels of depressed mood. A population-based study of adolescents aged 12-18 years in Japan provides evidence for a U-shaped relationship between sleep duration and risk for anxiety and depression (Ojio et al., 2016) . Rates of anxiety and depression were lowest for males reporting 8.5-9.5 h of sleep, and for females reporting 7.5-8.5 h of sleep. Sleeping < 7.5 h but also between 8.5 and 9.5 h significantly increased the risk for anxiety and depression in females, compared with 7.5-8.5 h. Taken together with our findings, we hypothesize that sleep impairments associated with more extreme sleep patterns, in terms of both timing and duration, may mediate their relationship with depressed mood. These findings challenge current sleep recommendations that generally acknowledge linear associations suggesting that more sleep is associated with optimal health outcomes (Beebe, 2016) .
Study limitations
There are a number of limitations to this study. First, the data are cross-sectional and relied exclusively on self-report. Second, the data came from a non-representative sample of college-bound high-school seniors. Nevertheless, selfreported measures of sleep timing and duration are fairly consistent with those reported by the National Sleep Foundation: Sleep in America Poll (2006) . Third, within each solution, significant variability between participants was indexed by entropy scores that were less than 0.8, the suggested cutoff for broader application. This variability suggests that there may be additional classes that were too small to reliably detect given our sample or that additional measures or features of sleep may need to be considered before this classification model can be applied to other samples. It may help to examine non-survey data, such as diary data or actigraphy, to improve the differentiation between the models. Finally, as is true with any empirically based classification method, the sleep classifications generated by the mixture model need to be replicated in additional samples and linked with additional outcomes before being considered as reified sleep classifications.
CONC LUSIONS
This person-centred approach provides a comprehensive picture of how diverse reported sleep variables aggregated in our sample of high-school seniors. The sleep patterns and disturbances that characterize these groups may add to our understanding of how sleep and mood associate in older teens in the context of high-school. Our findings suggest that more extreme (early/late) sleep timing is characterized by more sleep and mood disturbances than moderate sleep timing. Early RTs characterized the largest group, likely due to early school start times rather than to intrinsic sleep preference. These findings carry important clinical implications, suggesting that the promotion of moderate rather than early sleep patterns may be protective for sleep and depressed mood in adolescents.
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APPENDIX A :RESULTS FOR THE 4-CLASS A ND 5-CLASS SOLU TIONS
Similar to the 3-class solution, the 4-and 5-class solutions also showed significant differences on reported sleep variables, both those included and not included in the mixture models (Tables A1 and A2 ). Based on visual inspection of class profiles for the 3-, 4-and 5-class solutions (Fig. 1a) , class B remained highly stable across all classifications, whereas classes C and A each split into two subgroups (labelled C1, C2 and A1, A2) in the 4-and 5-class solutions, respectively. 
